In this work, SO 2 retention via calcium-based sorbents added in a continuous bubbling 17 fluidized bed combustor (~3 kWth) operating in oxy-fuel combustion mode is analyzed. 18
working with the lignite and the lowest working with the bituminous coal. On the 26 contrary, with the dolomite the sulfur retention was hardly affected by the combustion 27 temperature and the sulfur retentions attained were higher than with the limestones. The 28 sulfur retention increased with diminishing the Ca-based sorbent particle size, and it 29 was hardly affected by the O 2 /CO 2 ratio fed into the combustor. 30 31
Introduction 32
Nowadays, there is a great public awareness about the emissions of pollutant gases into 33 the atmosphere from large power plants. The release of CO 2 and SO 2 gases from coal 34 combustion to generate electric power causes serious environmental problems. The 35 former contributes to the build-up of greenhouse gases and the latter to acid rain 36 formation. 37
According to the IPCC 2005 [1] , CO 2 capture and storage technologies could be 38 promising to mitigate CO 2 emissions from large power plants into the atmosphere. The 39 development of CO 2 capture technologies to obtain an outlet gas stream in energy 40 generation processes with high CO 2 concentration seems to be one of the most reliable 41 solutions to slow down the increase of CO 2 in the future. Currently, there are several 42 types of CO 2 capture technologies, oxy-fuel combustion being one of them. Oxy-fuel 43 combustion consists of burning the fuel with a mix of pure oxygen and a part of 44 recycled flue gas, mainly composed of CO 2 (after steam condensation) [2] [3] [4] . Therefore, 45 the CO 2 concentration in the flue gas may be enriched up to 95%, making possible an 46 easy CO 2 recovery. 47
There are different types of boilers to perform this process. Fluidized bed (FB) 48 combustors, and particularly circulating fluidized bed (CFB) combustors, are very 49 promising for the oxy-fuel process because as well as having a great versatility to burn 50 fuels (either fuel-lean or blend of coal with other fuels such as biomass or wastes) they 51 allow the in-situ flue gas desulfurization via Ca-based sorbents added into the 52 combustor, such as limestone or dolomite. This could be an advantage since sulfur 53 containing species mean a risk of corrosion and could have impacts on the furnace, 54 during ash collection, CO 2 compression, transport and storage [5] [6] . Currently, the CFB 55 oxy-fuel combustion technology is gaining interest. Alstom [7] , VTT and Foster 56
Wheeler [8] , Metso [9] , Czestochowa University of Technology [10] , Canmet Energy 57 [6, [11] [12] [13] , and Fundación Ciuden [14] have carried out oxy-fuel combustion 58 experimental tests with CFB combustors at scales up to 30 MW th . 59
Canmet Energy research group has successfully worked with two CFB combustors of 60 100 kW th [11] [12] 15] and 0.8 MWth [6, 13] with flue gas recycle. They found lower 61 sulfur retention via calcium sorbents addition in oxy-fuel combustion than in air 62 combustion conditions at about ~850 ºC. However, further increases of temperature led 63 to the enhancement of the sulfur retention in oxy-fuel combustion, that is, once the 64 conditions were shifted from direct to indirect sulfation. Their results strongly support 65 the point of view that oxy-fuel combustion technology has the same advantages as air-66 fired CFB. Nevertheless, the test experiences showed that operating in the oxy-fuel 67 mode led to increase corrosion as a consequence of higher sulfur concentrations in the 68 flue gas [6] . SO 2 concentration in the oxy-fuel mode was up to four times higher 69 compared to the air firing mode. They suggested that the combustion mode affected 70 limestone performance for sulfur removal and that this impact depended on combustion 71 temperature as well as on fuel characteristics. 72
Our research group has performed experimental tests in a thermogravimetric analyzer 73 (TGA) [16] , in a batch fluidized bed reactor [17] , and in a continuous bubbling fluidized 74 bed (BFB) combustor (~3 kWth) [18] [19] to analyze the effect of temperature on the SO 2 75 retention by limestones under oxy-fuel operating conditions. It was observed that the 76 main effect of increasing the CO 2 concentration in the combustor was to shift the 77 CaCO 3 decomposition to CaO at higher temperatures. An optimum temperature with 78 respect to sulfur retention in oxy-fuel conditions was found to be around 900-925 ºC 79 whereas in oxygen enriched air combustion the optimum temperature was around 850-80 870 ºC. 81
In industrial plants, the SO 2 in the flue gas can be removed before or after the stream 82 recirculation. In this work, the SO 2 retention via calcium-based sorbents added into a 83 continuous BFB combustor (~3 kWth) operating in the oxy-fuel combustion mode is 84 analyzed simulating an inlet gas composition similar to one obtained when the gas 85 cleaning is carried out before stream recirculation. Nevertheless, the effect of the SO 2 86 recirculation was analyzed in a previous paper [19] . Tests were performed at different 87 operating temperatures with three sorbents, two limestones and one dolomite, and with 88 three coals, ranging from lignite to anthracite. In addition, the influence of the sorbent 89 particle size and O 2 /CO 2 feeding ratio in the sulfation process is also analyzed. 90
Experimental section 91

Materials 92
To study the sulfation process, two Spanish coals, a lignite and an anthracite, and a 93
Colombian bituminous coal were selected as fuels. The coals were crushed and sieved 94 in a range of the particle size between 0.2 and 1.2 mm. Table 1 shows the proximate and  95 ultimate analysis of the coals. Moreover, two Spanish limestones, and one Spanish 96
(1) 132 being F 0,coal the coal feeding rate, x S,coal the coal sulfur content, M S the molecular weight 133 of S, C SO2,out the SO 2 concentration in the flue gas at the exit of the reactor (dry base), 134 and Q out the gas flow rate at the reactor exit (dry base). Q out was calculated by means of 135 a mass balance, considering the coal and gas feeding flow rates and the flue gas 136 composition. C SO2,out was considered as an average value of the measurements taken 137 during the whole test duration in steady state conditions. The average concentrations of 138 the other gases during the test were also taken into account and were calculated in the 139 same way as for SO 2 higher than reached by the limestone Granicarb. Figure 5 illustrates the pore size 241 distributions of the three calcined Ca-based sorbents used in the tests. As can be seen, 242
Horcallana limestone has a wider pore size distribution than Granicarb limestone, being 243 able to reach higher overall sulfation conversions in calcining conditions. 244
With the dolomite, the sulfur retention was hardly affected by the combustion 245 temperature. The sulfation conversions attained under indirect sulfation (reactions R2 246 and R4) were almost the same as those achieved under direct sulfation (reaction R6). In 247 addition, for the same Ca/S molar ratio and with the sorbent particle size used, the sulfur 248 retentions obtained with the dolomite were higher than those with the limestones. decomposition temperature is much lower than that of CaCO 3 at the same CO 2 partial 256 pressure. Therefore, in direct sulfation an increase in the particles porosity of the 257 dolomite is generated because of the early MgCO 3 decomposition (see Table 2 ) favoring 258 the sorbent sulfation conversion. Figure 7 shows the sulfur distribution along thediameter of sectioned particles of Granicarb limestone and dolomite removed from the 260 bed. As can be seen, the sulfation pattern of the dolomite was different from that of the 261 limestone. The dolomite exhibited a uniform sulfur distribution in the overall particle 262 whereas Granicarb limestone presented a sulfur distribution according to the shrinking 263 core model. This different sulfation pattern is responsible for the higher conversion 264 reached by the dolomite. Finally, it is worth mentioning that no evidence of 265 decrepitation was noted in the dolomite. Despite the fact that previous studies [26] point 266 out that the superiority of the dolomites is masked by their tendency to decrepitate to a 267 fine powder which suffers elutriation before absorbing much sulfur, strong elutriation of 268 fine particle sizes to the cyclone was not noticed. 269 Figure 8 shows the sulfur retentions achieved with the Granicarb limestone and the 270 dolomite for different Ca/S molar ratios. Obviously, for both sorbents, the sulfur 271 retention increased by increasing the Ca/S molar ratio, and for the same Ca/S molar 272 ratio, the sulfur retentions attained with the dolomite were higher than those with the 273 limestone. 274 3.2. Effect of sorbent particle size on sulfur retention. 275 Sorbent particle size has been found to affect the sorbent sulfation during the operation 276 of fluidized bed combustors because pore plugging produces a decrease in the sulfation 277 reaction rate and prevents sulfation of the inner parts of the particle. As a consequence, 278 a lower sorbent utilization is likely to be reached with increasing the sorbent particle 279 size. 280
In this work, different particle sizes of the "Granicarb" limestone and "Sierra de Arcos" 281 dolomite, using the anthracite as fuel, were fed into the BFB combustor to analyze its 282 behavior with respect to sulfur retention. As shown in Tables 5 and 6 , the tests were 283 carried out at 925 ºC, with an inlet O 2 /CO 2 gas stream composition of 35/65, and a Ca/S 284 molar ratio of 3 and 2 for Granicarb limestone and dolomite respectively. 285 Figure 9 shows the sulfur retentions achieved for the different calcium-based sorbent 286 particle sizes. As expected, for the limestone, the sulfur retention, and therefore, the 287 sorbent utilization decreased as the particle size increased. The lower utilization of the 288 larger limestone particles is mainly due to the blockage of pores by CaSO 4 formation. 289
As seen in Figure 7 , the sulfation reaction took place in an external layer around the 290 particles because the molar volume of the CaSO 4 is higher than the molar volume of the 291 CaCO 3 or CaO and thus the pores were blocked and the inner core of the particle 292 remained essentially unreacted. So, as the unreacted inner volume of larger particles is 293 proportionally higher than that of the smaller particles, the sorbent utilization decreased 294 by increasing the particle size. 295
Regarding the dolomite, since MgO acts as inert material improving the access of SO 2 296 towards the inner part of the particles (see Figure 7) , it could be expected that the 297 particle size had less influence on the sulfation rate. However, as can be seen in Figure  298 9, the influence of the sorbent particle size on the sulfur retention was very similar 299 working with the limestone and the dolomite. 300
Effect of the O 2 concentration fed to the combustor. 301
An important feature in oxy-fuel combustion is the O 2 /CO 2 ratio in the inlet gas stream. 302
It is known that higher inlet O 2 concentration leads to reducing the boiler size, and 303 therefore capital expenses, and to reducing the recycled flue gas which diminishes 304 energetic penalty [27] . However, to get the aim of using high O 2 /CO 2 ratios it is still 305 necessary to solve some drawbacks, such as the strength of the materials to resist high 306 temperatures and/or corrosion. 307
In this section, the effect of O 2 concentration entering the reactor on the sulfur retention 308 is analyzed. Experimental tests with O 2 concentrations in the feeding from 27 to 45 309 vol.% were performed. The tests were carried out using anthracite as fuel, the Granicarb 310 limestone as Ca-based sorbent, at the temperature of 925 ºC with a Ca/S molar ratio of 311 3, and keeping constant the inlet gas velocity into the reactor. In order to maintain an O 2 312 concentration around 4.0 vol.% in the flue gas exit, the amount of coal introduced into 313 the combustor was varied depending on the oxygen concentration fed into the boiler, 314 that is, the coal fed to the combustor was increased as the O 2 concentration in the inlet 315 gas increased. 316
It might be expected that an increase in O 2 concentration led to higher SO 2 317 concentration and consequently higher sulfur retention. However, as can be seen in 318 Figure 10 , the sulfur retention was hardly affected by the O 2 concentration fed into the 319 combustor. This fact could be due to the effect of compensation between the increase of 320 the coal feeding or SO 2 concentration generated, and the decrease of the residence time 321 of the solids inside the combustor. Moreover, since a higher inlet oxygen concentration 322 rate involves a higher fuel feeding, a locally more elevated SO 2 concentration near the 323 feeding point can be found and SO 2 plumes can be generated in the bed. The SO 2 324 plumes could pass without reacting with the limestone, due to a poor mix of SO 2 and 325 limestone in the bed, decreasing the sulfur capture. for the highest sulfur retention values achieved in the combustor. However, it is worth 341 mentioning that higher sulfur retention does not mean lower SO 2 emission (see Figure  342 11b) because the coals have very different sulfur content (see Table 1 ), the lignite 343 having the highest and the bituminous the lowest sulfur content. The low sulfur 344 retentions achieved at the highest temperatures with the bituminous coal were also 345 remarkable. With this coal, in addition to the lowest sulfur content, and thus, the lowest 346 SO 2 concentration present in the FB combustor during the combustion, other factors 347 must be contributing to achieve the very low sulfur retention values. One of them is 348 likely to be the substantial amount of unburned gases generated because numerous 349 peaks of CO concentration were recorded during the combustion process. The sulfur retentions reached with the dolomite were higher than those obtained with 364 the limestones. This fact was very significant under conditions of direct sulfation. 365 Therefore, the dolomite can be an adequate sorbent for SO 2 retention. 366
The sulfur retentions were hardly affected by the O 2 /CO 2 ratio fed to the combustor, and 367 increased by diminishing the Ca-based sorbent particle size. 368
The behavior of the limestones was qualitatively similar with three different coals. 369
However, the sulfur retention values depended on the sulfur content of the coal used. 370
The highest coal sulfur content involved the highest sulfur retention due to the highest 371 SO 2 concentration inside the reactor. It was remarkable the low sulfur retentions 372 achieved at the highest temperatures (>925 ºC) working with the bituminous coal. 373
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